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NON FORMAL REASONING IN SCIMJCh.: THh USK OF ANALOG i ]■ *Z AND EXTRI 'AV CtM, * 

I n t rod uc t Io n 

This chapter f oca ses on evidence from problem solving case studies 
indicating that analogy, extreme case analogies, and physical intuition cas 
play an important role as forms of nun formal reasoning in scientific think i 
Although some may consider Uiui>e to be more "casual" methods than deJuot ivl 
reasoning, one of my purposes is to show that they can be Uiied very m-i iou.. 
in a r ather forrual context--- in Lhts cai>e the ( i.utfxt of do 1 rig one 1 . t»st \ 
think about a physics problem. 

There are a number of accounts of the role of different types .A 
nonformal thinking in scientific discovery, such as Koestler (1964) The #»• 
reports are often based on retrospective recounting of the discovery h> Lhe 
scientist. Altho gh they are certainly of value, one limitation oi these 
studies stems from the difficulty of recalling one's exact train of thought 
from hindsight. Especially when the train of thought leads to a : i,Muti»',m 
conceptual change, it can be difficult to recover a previous state of mind 
and remember exactly what one's thinking was like bof ni" the * h.mgc Often 
multiple source: of ideas contribute to an eventual syntheus and it tan be 
difficult to recall the e"ae t order in the tram of ideas. '1 hotel" ore, it j 
interesting to ask whet lie i more direct evidence tor th< r ole of irm f o i ma 1 
thinking in science can be gathered in some way. 

The evidence collected for this study comes from vidrc'aped interview 
in which scientifically trained subjects were asked to think aloud <is they 
solved problems. Among the few existing psyr }\n 1 og \ c a 1 stuiies of analogy, 



Ill II I , . 1 .. . 
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r •; . n 



it.;. 



most have focused on provoked diuJo^eb, when- at Uasl n 
presented to ihe subject for u^hHion, 7his .hup.-,, 
research on spontaneous analr ie:, whore t h. su 1 ..-.-i i, ■• , , f 

analogy. These cur when a subject, in th-nlu!, u ,.l ,„ w - y>[ 

sliilLs, without being prompted, to consider a situation n wu: 
some significant way f.o.u A, and intends to apply |„Hi 1IlL ., t .t 
succes.ful solutions by analogy the two contexts bun.,. ,„,,,,,„ 
perceptually different bur they are always ,,,„ to b, ,„,„., u „ .; , , 
structurally similar in some w d y. Such solutions u,n i-et 1 1 • U ly 

ivbt.-u.tu-e the subject's enddst undmg ul the p-obiem ,i,u,.t „.., art 

u>.iful in unfamiliar problems where the object it- n »t t r; ,,,. v 
familiar principle to the problem m a direct ituninei . 

In describing the activities of scientist,, ph i losophe i s „r .. k „ cf! | iaVft 
tend id to separate the "context of discovery" (hypothesis .... , frf , !( tlrJ 

"-:o!,tei:t ut demonstration" (hypothesis testing), ■,„«, { ,. v , t j u 
generation is considered to be much lets well under st. ! 1 1, ,,, u „ ,,-,„,.,- of 
hypothesis testing. However, some author, h.-ve .„..■ .. 1 ■ ■. • 
analogy may pKiy an ImjioiLanL rujp Jn hyj.ot ti.-. i M .„. . , 
CampboJI [195/], Black [1979], He, [l^oj, Op.enhu,., N .... , 

KnOH I 10a0 1 . ami bu.Un [10<Hj ,M ru,., K |. -ho ,,mIm. , n illjJy 

Lo not a prol;J viii mi t lie fni.ti.M U soiuK.r i T , , , . , 

giving a scientific explanation ot a phenomenon , hey sni ,,-„ i iur wan, 

i.e., a problem on the frontier ot their own pen.on.,1 k„„ w l. llst . u 
plausible that the thougnt processes analysed ,,, ,hi, ..j, 
characteristics with thought processes used m sclera. M 
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Sou r r e of bud 

One VA.uJd e/poct that t lui use of spontai as u ,i tll ,| , - ult iu > 

. t» 1 ctt i v Iv urn onui». n cri'.icjve ait, Mhu- it u"/..p ri , hi „ . , tJ 

ao.umptuis built up ii, LMibi.k'i ir.g t Uu on^i , j 1 - . lM 

althou^a .por.Larif.us aiiaio f M^, are a riiuicj n ' jraii 1 t , . ; iLu j y 

Uian provoked anal , t hoy are dUtiailt Id 'j ;tll - „ , . ; . _ h ^ v , r 

by u;.inu unfamiliar ptoblt'ii.s unn ^ lent lti/anv t,i i.^' ,ab - , : 1 i«| J1 .- 

i>u^h ..uset b«»en da, 'ai »i:t i'd f . ihji'ts jfi 'i, , , . ,j v< 

the "Spr iiv »-| ub i Vn*.,s" 1 'i I i , M! c I 

The coi ret answer to tin* sprir*> problem 1 , tb/t .[ riuv will 

strtul. tdithu. Ihib so^ioo.r!,.,!^,,,,,,,,, j, . , li:t iaL intuition 

about the pioblcM.. Ilowevor, giving a careful ji-i km ion Lor ibis answer 
a rnu c * r»o re difficult t a s k . 



1 [It fM /Ji'i'S ] t C 1 



)U »t' ol 



t.n. L.i'KKMai was to ,tuuy prob.ua. i.ulvKi t) lliL .i:i J , _ _ 0 L(1 think 



'11 udvuiii 1 d 



b i . i. ... * 1 Vc* t 1 n 



a tout u.> ii,ik:Ii as possible during ihtu ■ 1 1 u t 1 l4 „ . L 
doe tot al students or pj <it<« a :,or s in Uii hiui 1 u- 1 i 
solvui" in tin:, |..ipi*t i r:i» ..n a p t ;r^on vw. . , . , 
a tec ha 1 c j 1 field, 

Subject:, weie given instructions u. tlil vi , „, 1 . » , iV , iiJf< Wtl y t 

you and were asked to t » ive a rou^h miM ■ > tJ « ; i M r 

answer. Prolong by the mten'iewei was 1m pt s „ 1 u , uaii" n uir, 1 a t 1 ng 

of a reminder to I'd p talking. Ucc as i jna ] ] \ tl < - , - , \< , , r 

clarification of an ambiguous report. All session. . . 1 n tin:, cn^pter 

were videotaped. 
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Observat ions fro nt J'ra nsoi :ut , 
The solutions collected were up to 90 riiiKui,-, i 0fir> ti . v j ; > lt . t , Wr , re a 
number of different way, th.it analogies weie ((i..,t.. u . . ■. , j , ,> .1 f.^, 

solutions. The main purpose of this chapter is Lu pjtM.uL ... . ...n.il 

examples of the phenomena and to develop constructs tr: duscr.bi W 
classifying the reasoning p.ntc/n. observed. 1 wHJ „ [u VlJu a 

close-up view of uonforiual thi^mg in scier.ee h : , , c n . t tl 1Jjl . , LiNliiiU , PiJ 
from the protocols of f/i mk.^m ti, solving rht hp ,h, ! i- 

< 

Analogy Ge n e r a t ioj 1 

We tirst exdmn.0 a- - -i:.. . - ,n the solution ■ - , . , . M 

referred to here as SI. ux th. i. lowing section 1... c^-tu.., - the -hairpin" 
analogy shown in figure 1 



r j 1 — - 



SI: ...The cquivah:. 1 pnhl.hi that might haVu Lh- ...... 

suppose I gave yuu 1 h< p/.>l>!i ,, 1 n a way msie.i! 
spring, it's a lorn, U ,piin tj like that, JUfcl t iiU n.^mm, 
(Draws Fig. 2) And now 1 hang a weight on r hv hairpM, ^.1 t . h.,v 
far it bends down. Now I make the hairpin Lwj.: t - u„ h.ne with tin 
same wire and see how far it bends duwt,. Now thM J * V/1 l h \ i ' 
cube. That's the deflection m the length m t r/ ^^u/,,^ . ^ 
Heh, heh - and maybe U counts out th..t ,y ^i, >4 ,.>.).,, 
m>— I would bet about, about 2 to J, 1 u.alu -.1 ' 4 ! h llt Z-i 

to this [the original spring problem J 1 trial Jt t Lin. /id*,/' 
spring] goes down 8 times as far. 



as" j i! 



.'i »< U- Jiaped 



Here the subject generates an analogous La 
wire or "hairpin". To dispel doubt that analogies ,r, u^d L y :W who 

lack more formal reasoning methods we note tnat tin-, sen ]t ^ t o fl P | 1)bc .i 
laureate in physics. He is able to make a confident ...Jn-tion ..howi 
behavior of this analogous case and proposes tha: h< m ,y r;, , Me , ti.i^fer 
this prediction to the original problem con. .ruing ih, t ... . however 

that his confidence in this conclusior is not 100V m M wo.ds vairanting a 
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bet with onl 2 tu I" n.l.K Tin! t-}o 

Bivun assumpt ions, ruasuinn,. by ai,c.!^;y £ , < , , (< u-,n ,i v i.i^i . 41 , Pj ^ it r li; , |ir , ach 
that car.not be dene with certainty. App.ir t-i.t 1 y ,t ^ t „ u , N .[ 
relatively hi^h ui low Lunl id» however, a, 1 i en, ,. 

(Here the subject at t erupted to rnak' rj qudhMhu im u ., k . ( j j it , tl 

qualitative prediction about winch ^pi in« wuuJfl Miet.i. . l0! ,, iJS . n , 
remainder of Una chapter w* will he con.ri.vj , h ! y vl », s j itilllVl » 
aspeots of i he pi ublcn. ) 

The 10 subjects for.*.- rdfed thirty euu.t ,u; t . f t . -d,.., An af<a i, vy 

was classified as ^rnlKant if it appeared t h- [ L £ (4 -.oriuu; .ttcr.pt 
to generate or evaluate a vjlutim, 'iui as u . tj ti , : , t j ljl4i piy 

mentioned as an aside or commentary, Thirty-one of the analogies were 
fci-niticint accord-' g to this criterion. Light of the l -:: subject-, generated 
at ieaot one analogy, and s^i.n of tha ten s <o.. , ,1 1 oippi f Ican t 
analogy Thu:, a Jai^e uuinr.et i..f ,ma] ic ,*, vie - 

In what toliow- U wiil U i,L. f i.i t^di.rjr.'ui ■ rt , , , n 

analogy, the analogous ease and the annJ'.^v . .• I !,<„, , . .. „ a. r , Jt , e in 
the above t;x rt ii,ple t:. the lutlrpin ei.|.-i lwni Jf.-h, , 1 ■ ■«. ,,,,1^ relation 
is the rel.it lcn&hip beitiR proposed by the „unj*.:t 01 , ,,aiMal equivalence 
be t v/ the oii e u,al ea.se i ,,Vu 1 v : up, r r .., ! ■ [... •, , ( . t> . u . iriV olvu l£ - 

the hairpin. The r.ubje.t ,,pear ; , to have tn.'h ci.ltU.. i„ h 1 1. .in do rat and . n,i 
of the analogous case, but only nodriatf .....<M<Je.,ce it, Uu ,vl xdity of the 
analogy toJation. [n other Cuseu subjects ni -e ion ,i 7i ,| tv , n-ject the 
validity of an analogy relation, that ib, thev w • ! ■ i 1 • ■ -,,,,( i p,. ...'lai'-mi. 
case was not 3<-ilar enough to the original [r.,bl«.,„ t<. ^tiav sy , ] „ , j ORS 
from it. 



ERIC 



7 



Subprocesse. 3 Used in Analogical R e a s o nfng 

From observations of this kind the generai hyp. •. he* : s w .,„ t„r, t .a]ated that 
the following subprooesses are fundamental in m ,|. 1 n,- , -i.i- • r ,v „:.alopy 
(Clement 1982, to appear (bj): 



(Pi) Generating the >\nalogy. A conception ot a s 1 1 „.,'. i on , . p. L x , 

potentially analogous to A is accessed u, memory ,. r c.;n_ i . uc t J. A 
tentative analogy relation is but up betwr.M: : o.\ n. 

(P2) Confirming t he . AiijjjotsxJjel^t ipn . The validly ,1 .p., ...i.lo.y relation 

between A and i) is examined critically and is cw.iuud at'a hiph level 
of confidence. 

(P3) Understand inp t he jAn^jj^ous Ca ? , . The subject c...,i. t ^ u , ul , 

necessary, develops his or Ut.i understanding -I tne ni.al of. oos ;dsc B 
and the behavior of B become?, vel 1 -understood , „, „i J ;. l5 ,t pred ictabl e . 

(P4) Transferr in K , Fadings. The subject transfer con-. I us ion; or r .thods from 
B back to A. 



Table 1 



Th..s hypothesis is consistetil with th • t ,i i < • . t <.| ,x., lu „ : h. ! many 
soJttiona by analogy are proposed tentatively, ai„i p.u^.i (P2j and (r3) 
esp.'^iaUy can be unite t ur.e ronsun i tl g . (When i, i •.. . i... f , UJ>( . Ji( . 
context, the word "analogy" ulone icftTo is ihis ,:..,(., u> IP. .u.uogcus 
and he analogy relation taken together.) Obse , vat. j oa . „ho indie:-, that the 
last three processes can be initialed in any oraf.t , ano that subjects can go 
back and forth between then, sevet ai times while gradiaHy imputing each 
subprocess. This suggests t\at the subjects do not u: o a s,..,nle, well-ordered 
procedure for controlling their solution piocns.ses it ui I • • e I . 
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Analog ios ,,jdnd_Lxt»orie C.) .^:, fj^m a S._cond : d-j, r 

We will next examine the -.uiut.on a .,„i|,,. l| v ,j 
doctoral candidal.- in <ou.|.utr» sunic, and 1,,, ...... r |, • ,1 

engineer. The actual i-lUkoI, toi utlia,;, p,,dl,„. 
therefore 1 probent "eroatn,. segments ot pr..t.,. I, ,. <r , 
reading the problem, Si proceeds as follows; 



v '! ) ' .if. .lJv.ii!> ed 



t . 1 , , 
• d, ,t e I y a* i br 



Lie i r.g 
h.-vnv,ard) 



008 S3: ...Unun, well i ight off t ho bat I ha--, Ut!li , , UiJ , 

fir..t thought ib that t ho length. .■ t i i... ,•!... ' 
greater (ttu.ei, unit., m ,. Jt wit;, !-.... 

and the strength of the tf.etal ben.g t .1.. * ,,,,, thirf ... 

Eoang to he kind ot .... , « h.v,-„,, f,, ,,.,,„. • } ., ,.. v ld J f 
spring], 

00-) 53. And that theiefore it s go-ng ,o ha-i.-, :>,;,;. „ th it " 

pretty tr.-.ch strictly an intuition ta..ed .,y .^hurity with' 
metal and with working with metal... I,. KlC J1J&t thl; , L throu$ , h 

010 S3: (Draws horizontal rods in fig ,) ..An. ,- y ,,,,,1,., ,bout that 
is that if you took the : a,,, .vine tn.U - t ........ , on lll0 lcft 

here [ short hoi 1 ? until 1 ruj i ^ i i<, . {j . t . , . . 

J - 1 u 1 t " 1 » ' • i d,jU h lira 1 

3.,ine weight en ir, that the l.^.i , rfi _ h u r , w ^ h , 

on it, would bund < oi, , ide r ib J v iurth.i 

It would sef-m that that ,r„. f h .. t]K , t llfllj ;j ^ u ^ 

original problem, the spring m .ictu,, > | w ide r * afJ r i r., ] ia 
tfoing to farther; 1 1 » in, i < I , lu j 

...awd I 1kj«/< a con f l d l iv t. ,.f ,j , 



01Q S3; 



02 i ^3 



022 !l «« great s . » ] of ■.,{.».,. m , ,- im 

"f '^ Jong rod] i, g f( . .„,.. ((; ^ _ ii<i( ((j 

' 1 1 1 °d J i ii any t a . • , i v. ... ; i 



Fun he r evident e for ,uhi,r< • • . 

- - - - 1 - ' - ' ' " . 11 ■ 'j J . ■ jr 

episodes appear nu; in this tirst section .,».■ 

(1) S3 first describes tanking ab wt „, »„.,„,,:..,.■ . SlKl , pi ,.j Jf . tj U|t|t 
the large, spring will stretch farther; 

(2) line 10 l,,j,ca'.es th.t ho ha, , p3nl# . , , w(k .. ;i 
he draws the picture ol an analogue pror.em .„v...„. i: . tl .. llmf . t ., d lnjt ,. jd 

ERIC 9 
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of stretched spring. He decides, again on the basia OJ • laLlu t , uu „ _ t , uU ^ 
ion, rod would bond more than the .hurt rod and ,s „,i, t o ,u«, a 100, level 
Of confidence for this. This indicates th.,L ho ha - , 
P3 in Table 1 (generating and cui..prehe nd n U: in, 

(3) He gives evidence for completing .,um> V , 
line 19, where he ,ay S that his anally nnli.uU, lb..: , ... lu , r , 
the original problem will stietch further. 

However, he i «s stil] not J 00% certain ai. . m i, ■ 

" < to.:- ,u i L ir.al 

problem. A plausible explanation fur tins 1. k ,f lM f . 

not fully satisfied with requirement P2 above (evaluating Ul3 „ nuloj . y relation 
betwt en A and B) . 

This transcr.pt and others indicate that px.ce,,,. Pl trough , above 

can indeed tak, place separably. £2 ha, ,,,„,,!) , tu ..^, n> 

Pi, and PA uo far. Note that as describe' |„ ■ . ,,, 

• - • i 1 • ,i 1 1 , ; . t . i j , 

finding,, can take place before step:, P2 am !• J .,. . 

• . 1 ' - i i , > j l 1 1 o r 

words, a tentative predict!.,!, about the <„.,-,• - , , 

1 ' » 1 - s.^l«' tt u ro t ho 

analogy relation has been cor.fi tmed or he/o., rh- 

"' 1 1 '. > - i lully 
understood. Thi, i, anothet sense In whi, „ , , 

11 • ' V, in l avo 1 v t ,i 

conj cclure . 

in ordei lo begin th.i ta:,k ol .....del,,.; the in.-.., - ,,,., jLlVl . 
responsible f.r Uus type of analog,,,, rea.-uung, 1 1 , ti . 0Iill Lo 

the notation in Figure 4 showing the four m„jer ,,!;„;„,, , n rhla 

notation, dotted squares and solid squares r«p,- , , .- , , ih j •. a < )( J T d 

well understood conceptions, respectively. hotted ,,j -ollJ tUlLo e eLW , t; „ 

squares represent unconfirmed and confirmed analogy lt ,..t. bet,, en 

conceptions, respe, t , ve 1 y . Again, the oi.iet u, -h,.] , , , 

initiated m.iy v«j i v 

10 
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A diagram showing the status cf Uiq analogy at the rnd oi tin- .hove 
protocol beet ion is shown in Hgure A p^iy uiuMstoo.S u ) t!u 

spring as linked by analogy to a we 1 J und*M . u. ,j , .... ir(1 „ K tl . i( i(<s . r ht , 
dotted line in Figuie 5 indicates that the analog mi. ... j. - ■ t4 .. i 

confirmed. That is, even though t hi- suf,je<t is jj.i « u.. w t .1 t m: , 

the bending rod situation works, he ih still unsiue Hi.,; tK.t : i u ..t ji... u; 
good analogy for a spring, i.e., that the situation . ... s K «, It d t o be 

equivalent tc a spring and can be used to predict r he * 1 L of Lh, spring. 

Thus, we refer to a tent at_i_ye^_c^r . ujit- on f i rp .-d aiu^ , v iai' .1 u.ls i-uint 

Sub j.. ciu that sieni th, :j i : ,, ai , lfWl , pio blem 

without reaching a complete answer or iOOX U ;sf idon. r j.w.l woie askt 1 to 
spend more time considering the problem, m oruer te j u.n tin- r ;cm idence 
level up higher. In this case this te,ds the < ■bp.t r , Lak 4I now a| , F<l 0cjc|l . 



0J0 1 



049 Si; 



Ok, let me push you a little uii 1 h 1 i rl Li 
can increase your con.'idenr i in /jut ».|. ]Jn - :](Hi ) 



juy ».;ay yuu 



Ok. Good. Urn, W31J the way to inciee. m> ccj.lid.jnct would be 
to examine the contrary hypothesis tt.it 



urn. . . the stretch is t. 



• I' u ion 



«ime 1 1 i o . -1 ) 1 i- l 



050 S3: Here's th* thought expei lmei.r. that [ 



pc j t o nil . 



Hi! 1 



u k >l S3: Tht way to really eke out r,y m>t 

the material is at all linear, would 
spring in 1 down to-, . ful'- t h 1 [ i 

extremely tightly roller] jrvn, r lL «rr<"" j if, \ > » V ' , tU j v lo fj 



u I . * l,uv lor oi 
t tie 1 0 1 I e J 



turns 



I moo 1 . . iiu uist anc 



0b2 S3: It's very clearJy in the limit.. lt*_ 

from side to side of the spring ' ti t .jh- lf , , } kU caiili j t 

can't stretch very far... Ihc 1 e cai't i.nfrrwu • from tu 

contribute to a stretch. So urn, my in! dMon th.t 1, y answer's 
correct has just Jumped up to 01 <i0% 1 f / l£1 ,aimd that in 
the one extreme... As you make that sn^er (bring- palms ot 
hands close together) it's going to . tn,,/. u.ss 
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The above exccipt ptovide° an example of oxl v * mo ,» uiaiy.i. where t he 
subject minimizes or maximizes an aspect of the pi oh 1cm . o . ..-„tr a '.penal 

case that may be easier to solve. In this cast*, i< . i „ , v . ■ ■ lia- 1 y 

narrow spring allows the subject tu make a moj e mnl j J» j »■ t . r j., §1 u.iSifd on 
what he calls physical lntmion, The subject con ti inn hy tfum tat ir.g and 
attempting to use a second extreme case: 



053 S3: And just to really push that thinking, in, .,11 i la- w.iy thiou^ 

in B, it we made those coi 1 b Humeri, eiv a i.g , ( \ e , hinds 
a p a i t ) say miles wide. 

Urn, well tiit re's a p rob lorn w i th thml n«y ih.^l t J nieh is, 
that . . 

054 S3: If you made the spring very big then urn, «-*•. u i l h . ma .s of the 

s i > r i ng starts coming into effect and J h ^ e l . o u b 1 e separating 
my intuition about thinking about a huge : ing thai: [wueiej 
the mass isn't a problem.,. 

055 S3: So going in that direction doesn't r^allv nelp m • too 

much... But I think it was* very con it u , i^o t r tJ L.iek and look 
at wlu»t happens if we go down it. t ! - U. , > < J( '.i. 4: spring.., 

0 56 S3: ...Hy confidence is now much Imght r ulU) < , , to l jV<, i stares at 
di awing). Pven more rven mo it r ^ 

057 I: Did anything new happen to g^t tin. 1 '"in mor,*' or. 

058 S3: Just I was thinking about, 1 w t u, ju»i m,i< . n L l»t my intuition 

about that really L a icing tin diamrtf i . l ,,n in, Lo *:ero «,nj 

the limit In whirl) case t h<> \ t i e r i h g s to ro . 

05° I: How do you feel when you 5 re "running that ' r 1 u 1 1 ion" ? 

062 S J : Urn , it's just l have «i* ; I me a a t h: p i t .. - of ! .d< J I he 
diameter of the spring to zeiu is >■ .it l( riu Mie. * 4 .u-h 
wouldn ' t stretch. . . 
4 

066 S3: So it's good ..pushing the [ ar ami: t e r v < i v tu ra ohLm to 

ext r en.es as a way of - uh , get t i ng r J e : .- i t e i : t fcl j h ait the 
behavior of a system. 



In the section above, S3 mentions thinking about Ins titst thought 
experiment over again, involving an extreme epse of a t'e .w.trv* spring, and 
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takes it even further by letting the width actually Vt o to .etc. m which case 
the spring becomes a straight ^re the extrn,.* ..asi- k t c u, increase 

his confidence even mo.e. 
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Physica l intu it ion and imagery reports. Subject :,1 i> h a tc. th.it he 
relies on some sort of physical intuitior to make prudi. t^onj by \ im: 10. Thu 
subject refers to his prediction that a long wire will Dead moie that, a ,hoi t 
wir> as an "intuition." This suggests that he is u^in L *uiie knowledge based 
on previous concrete experiences with man i pa 1 at l ng m.-l.'l. Hera i will use the 
term "phy sica l intuition schema" to refer to an interna knowledge structure 
of this tvne that is constructed largely on the basu ol r :raunaJ experience 
with the physical world rather thin academic knowledge or hearsay. 

Tho subject .ilso reports thinking about a "picluit" ir J ine 02 in the 
above section. This is an example of an im^'ery ien^i whor- lie subject 
refers .o imdgiMn t picturing, hearing, oi "feeling whit k*s l to 
manipulate" a situation. Of course bubj.»eta m iy „rtu..Iiy experience imaging 
much more often than they make imagery report. In the ex mplc in line 02 
above ♦ he subject also makes a prediction. In thus ca.,,- wu ilso call it an 
imaglstic prediction report where the subject produces an imagery report and 
relatively simultaneously states a prediction „r uj . Jujiod. (The interviewer 
was careful not to be the first to introduce sug|>r. .u^t Lenus .uch as "image", 
"picture", or "analogy" in the interviews.) 

I can now state several further hypotheses that art; suggested by the 
above ouservat ions . 

First, the co-occurrence of imagistic prediction repcrts and intuition 
reports in line 62 above and 85 below, suggests thai the pioccss n using 
physical intuitions here involves imagery. 
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Second, a major function of the extreme cases ..ppea.s to b, to enable 
the use of a physical intuition schema in making ...» .:,.-,.;.«, ,o pred.. t .on with 
high conf idence . 

Third, the subject experience* difficulty with usme „ t-v icu-, extteme 
case in the first part of the above section. He has difficulty thinking about 
a huge massless spring in attempting to construct an extreme i use ir the 
opposite direction. Even though he recogni7.es that he ncedo to separate out 
the variable of mass of the spring from the problem, h.- .•ppn.ently h,.s 
difficulty voluntarily carrying out a thought experiment i-lu.h in ludes that 
constraint. This suggests that there are certain limitations associated -ith 
the implementation of thought experiments that involve ir.apery ar.c physical 
intuition. 

The interviewer then pushes ne subject once tnoie. 

067 I: Is there any way you could increase youj ^uutii..: , vcn 
more . . . ? 

085 S3: ...I guess er, my tendency is to think ..bout a big spring. Push 

the. . .diameter up and picture in my mind .» .ally lug spring 
with that weight hanging from it. And uh, it's ]ust°really 
obvious that it's gonna hang fiuther 

086 I. What are you thinking about there? 

087 S3: I have a picture in mind... 

089 S3: I have a picture in mind. I set many, uh; I flashed on the 
image of the Foucault Pendulum at the Smithsonian Institute 
which had nothing to do with this except it'., a big physical 
system (S laughing )... Urn, so I'm wishing that they had a big 
spring hung out there, so that 1 could have an even clearer' 
picture. 

Line 85 contains another example of an in.agistic prediction report. In 
this second attempt the subject seems to be more succos.'Ul tu thinking .bout 
the behavior of a very large spring. The subsequent Fou .uU pendulum idea, 
referring to another system involving a long wire and a weight, appear., to 
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derive from an associative analogy generation pioce.. J( nm »i » 4 dtd is 
discounted immediately, apparently clue to a Jaoi< ot .A i an i- r t , j similarity 
between the two cases. 

Sum mary of S3's protocol , Subject S3 ^ivcs ovj-j-il *,l us.i^ a number 
of di p ferent approaches. He makes u^e of an analogy to a oimpJur situation 
involving bending rods of different lengths. He u.ses phv&j' al intuit ion 
beliefs to make predictions about sucn simpler jiiualio.,.,, W';ea a prediction- 
is accompanied by an imagery report, we call it an iiin^r.i prediction 
r_ej)o_rt, Finally, he uses extreme cases, a very nan >w sp, 11^ an:! a very wide 
spring, to further support his initial answer. In both cu^o, the apparent 
function of the extreme casus is to facilitate the ecu j deal application of a 
physical intuition belief to the problem. 

The use of multiple approaches to the problem appuars to allow the 
subject to increase his confidence in his solution. SI, the 'irst subject 
examined in this chapter, also went beyond the usr; of an .m.i'ory in his first 
approach to the problem by usin 0 more analytic methuds in urdor to contiim his 
predictions generated by the hairpin analogy. 

A more subtle understanding of exactly how tin »pii»Y, d.'Knmb atoje from 
a third subject's generation of the analogy of a sqiuua shaped spring coil. 
This allowed him to discover that the spring wir*- l ■ v-.a .u^ , 4 s it stretches 
In the square shaped coil one can envision one oi the ^iue., ot the square 
acting like a wrench to twist the next side-- and so on down the spring 
(Clement, 1981, to appear (a/ ). (The square coil can also be used to predict 
the result that the stretch of the spring depends on iliu cube of the coil's 
diameter.) Thus, a variety of ant ^gous cases were observed for this problem. 
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Non formal Kn owledge _vs_ _No_n ijorma 1__ Re ason i nt> 

In addit-on to nonformal teasoning processes such as, the ...m 
analogies, examples have ,lso been presented of imagery report, „nd imagistic 
prediction reports which indicate the use of physic] intu.tion knowledge. It 
is helpful to make a distinction between nonformal knowledge and nor.lormal 
reasoning. In the case of S3 the conclusions he reaches &ee io to be grounded 
at the most basic level on physical intuition schemas constructed from prior 
experiences with physical objects (e.g. long objects aru easier Lu bend than 
short objects) rather than formal knowledge assumptions.. Thus he uses a kind 
of nonformal knowledge. Analogical reasoning and extreme case reasoning allow 
him to transfer this knowledge, with some degree of cent ulonoo to the given 
problem situation. These two types of nonformal reasoning, U,,, allow him to 
applv or transfer his nonformal knowledge in the term of physical intuitions 
to the problem. 

Flexibility and Uncertainty 

The flexibility exhibited in scientific thinking , hut involves t . xtleill o 
cases and analogies is impressive. Such flexible methods play an important 
role in the hypothesis generation process in science 1 . Analogy generation ir 
a creative and divergent process, since the subject must somehow tuck away 
from the normal assumptions implied by the problem and shut his attention 
over to a significantly different but related problem. This is difticult for 
some people to do, probably because of the difficulty involved m breaking out 
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of the psychological "set" of assumptions built up ,„ c oar, i del - ,ng the original 
problem. 

It is also somewh.it risky, because there r.o lMlIJI ,iu ehe..i of time- 
that the results will be found to pay off-- one ,n, t --, not have- the ,e, urity o! 
perceived certainty that is experienced m d.-Juetiv.- t...-cni., i; Ihwver, at 
the end of the protocol, subject S3 is "95% confident" in his (toi-ect) 
answer to the prediction about the behavior ot th,.- ipim,.. lie , luu ,.,, Lil lhlo 
level without using formal methods. Presumably, the f.,Ot that In, In:, arrived 
at the same prediction in three different ways has played an important rc,e in 
boosting his confidence. Even though individual nonformal reasoning methods 
involve a degree of uncertainty, the convergence of several methods on the 
same result can raise confidence levels to a high point 2 

Summ iry 

In this very brief chapter, examples have b;on printed which provide 
evidence for th. presence of the following types u f spontaneous nonformal 
reason ing phenomena ; 

(1) the use of analogous cases; 

(2) the use of extreme cases; 

(3) the presence of four subprocesses involved i, ^Ji.g analogic, 1 reasoning; 

(A) generating the analogy 

(B) confirming the analogy relation 

(C) understanding the analogous ca.se 

(D) t ransf err ing findings ; 

(4) the presence of various levels of confidence in different beliefs and 

reasoning steps; 
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(b) the presence of imagery reports and in.agistic prediction reports, winch 
indicate the use of nonformal knowledge in the form of physical intuition 
schemes . 

The above phenomena have also been observed in matliematir.il thinking 
(Poiya, 19S,, Clement, 1983 ) . The fuel that we can now cll.^t an I Je.cube 
such phenomena suggests that it will be possible to develop and , valuate 
models and theories for certain patterns of nonformal scientific rcatoii ng . 
N otes 

* Research reported in this paper was supported by HSF AwaH No hbl< 8470579. 

1. See, for example, Hesse (1966) and Oppenheimer (1955). Clement (to appear 

( )) discusses evidence for the generation of hypothetical models and 
analogies in thinking about protocols. 

2. See Clement ( 1986) for a discussion of a number of methods experts, can use 

to increase their confidence in the validity of 
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(PI) Generating the Analogy. A conception of a situation B that is 
potentially analogous to A is accessed in memory or constructed. 
A tentative analogy relation is set up between A and B. 

(22) Establishing Confidence in the Analogy Relation . The validity 
of the analogy relation between A and B is examined critically and 
is confirmed at a high level of confidence. 

(*3) Understa nding the Analogous Case . The subject examines and, if 
necessary, develops his or her understanding of the analogous case 
B, and the behavior of B becomes well-understood, or at least 
predictable. 

< P4 > Applying Findings, The subject applies conclusions or methods 
gained from B back to A. 

Table 1 



SPRING PROBLEM 



A WEIGHT IS HUNG ON A SPRING. THE ORIGINAL SPRING IS 
REPLACED WITH A SPRING: 

-MADE OF THE SAME KIND OF WIRE, 
--WITH THE SAME NUMBER OF COILS 

--BUT WITH COILS THAT ARE TWICE AS WIDE IN DIAMETER. 

WILL THC SPRING STRETCH FROM ITS NATURAL LENGTH, MORE, LESS, OR 
THE SAME AMOUNT UNDER THE SAME WEIGHT? (ASSUME THE MASS OF THE 
SPRING IS NEGLIGIBLE COMPARED TO THE MASS OF THE WEIGHT.) 

WHY DO YOU THINK SO? 




Figure 1 
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